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Introduction {#sec001}
============

C-reactive protein (CRP) is a pentameric protein playing important roles in inflammation in the human body\[[@pone.0198375.ref001], [@pone.0198375.ref002]\]. CRP has two naturally occurring and conformationally distinct isoforms, i.e., pentameric CRP (pCRP) and monomer CRP (mCRP)\[[@pone.0198375.ref003]--[@pone.0198375.ref005]\]. pCRP undergoes the conversion to mCRP under certain conditions. This process mainly involves disassembly of pentamer and epitope remolding of native subunit structure. Therefore, mCRP is different from native subunit in pentamer. Recent studies revealed that biological function of CRP mainly involves its conformation changes, and mCRP was indicated to be more active in exerting biological effects\[[@pone.0198375.ref006]--[@pone.0198375.ref010]\]. Moreover, the inter-subunit disulfide bond of CRP was also proved important to its conformation and activities\[[@pone.0198375.ref011], [@pone.0198375.ref012]\]. However, pCRP is very stable in the presence of calcium\[[@pone.0198375.ref013], [@pone.0198375.ref014]\] and its dissociation occurs mainly in denaturation conditions\[[@pone.0198375.ref001], [@pone.0198375.ref003], [@pone.0198375.ref013], [@pone.0198375.ref014]\].

Recently, several nondenaturing conditions have been proved to induce the dissociation of pCRP\[[@pone.0198375.ref008], [@pone.0198375.ref015], [@pone.0198375.ref016]\], among which our group identified a membrane-induced intermediate termed mCRP~m~\[[@pone.0198375.ref008]\]. The intermediate was shown to be dissociated CRP subunit with partly retained native conformation, suggesting the conversion of pCRP to mCRP and providing further insights into the functional mechanism of CRP *in vivo*\[[@pone.0198375.ref008], [@pone.0198375.ref015]\]. However, the generation of membrane-induced intermediate involves complex experimental steps and is time-consuming. Moreover, the prepared intermediate is difficult to be preserved.

Here we propose a new method to obtain the CRP intermediate in a simpler way. We show that immobilization of pCRP onto microtiter well surfaces can also induce conformational conversions and generate a CRP intermediate with both pentamer and monomer antigenicity expression. Furthermore, upon this relatively stable intermediate, a series of function evaluations could be performed easily but reliably, which may provide further insights into biological roles of CRP.

Materials and methods {#sec002}
=====================

Reagents {#sec003}
--------

Human native CRP (purity\>99%) was purchased from the Binding Site (Birmingham, UK). mCRP was prepared with urea-chelation treatment as before\[[@pone.0198375.ref003]\]. Mouse anti-human mCRP monoclonal antibody (mAb) (3H12, 8C10) and pCRP mAb (8D8, 1D6) were generated as described\[[@pone.0198375.ref017]\]. Sheep anti-human CRP polyclonal antibody (pAb) was purchased from the Binding Site.

PC-BSA (2 mol PC/mol BSA) was obtained from Biosearch Technologies (Novato, CA, USA). C1q was purchased from Abcam. Goat pAb against human C1q was from Calbiochem and HRP-conjugated rabbit anti-goat antibody was from Sigma-Aldrich (St. Louis, MO). Sheep anti-human C3d pAb and HRP conjugated donkey anti-sheep Ab were from the Binding Site and Sigma-Aldrich, respectively. Other reagents were from Sigma-Aldrich unless otherwise stated.

Detection of pCRP and mCRP antigenicity expression {#sec004}
--------------------------------------------------

The antigenicity expression of pCRP and mCRP were determined with ELISA using conformational-specific mAbs. Briefly, after short washes, the wells with CRP immobilized were blocked with 1% BSA (unless stated otherwise to omit). Appropriate mAbs and HRP-conjugated secondary antibody incubations were performed in sequence. After antibody incubations, wells were briefly washed and developed with TMB and stopped with 1 M H~2~SO~4~. All the incubation steps in ELISA assay were conducted at 37°C, unless specified. The absorbance values at 450 nm were finally detected using a Varioskan Flash.

Evaluation of complement interaction capacity {#sec005}
---------------------------------------------

C1q binding capacity was evaluated by ELISA. Briefly, indicated concentrations of C1q was added to immobilized or bound proteins for 1 h after the microtiter wells were blocked with 1% BSA. After brief washes, a goat pAb against human C1q and HRP-conjugated rabbit anti-goat antibody were added successively, followed by TMB development, H~2~SO~4~ stop and absorbance values detection at 450 nm. For C3d deposition, microtiter wells with proteins immobilized were blocked with 1% BSA. 1% normal human serum (NHS) diluted in VBS^Ca+Mg^ (veranol buffered saline, VBS, pH 7.4, + 0.15 mM calcium and 0.5 mM magnesium), VBS^Mg+EGTA^ (VBS + 0.5 mM magnesium and 5 mM EGTA) or VBS^EDTA^ (VBS + 5 mM EDTA) with 1% BSA were added at 37°C for 30 min. After serum incubation and brief wash, sheep anti-human C3d pAb and HRP conjugated donkey anti-sheep Ab was used to detect the C3d deposition capacity. The following steps were conventional as before.

Electron microscope (EM) {#sec006}
------------------------

pCRP was firstly diluted into 25 μg/ml in 10 mM Tris and 140 mM NaCl. A 4μl droplet of protein was added to a freshly glow-discharged carbon coated 300 mesh copper EM grid for 10 s, followed by staining with uranyl acetate solution (1%, w/v) for 30 s. The grids were observed in a Tecnai G2 200 kV EM.

Statistical analysis {#sec007}
--------------------

Data were obtained from at least three independent experiments and represented as mean ± SEM. Data analysis was performed by one-way ANOVA using OriginPro 8 software (OriginLab Cooperation). A value of *P* \<0.05 was considered significant. All data charts were also made using OriginPro 8 software.

Results {#sec008}
=======

Surface immobilization of pCRP generated a conformational intermediate exhibiting dual antigenicity {#sec009}
---------------------------------------------------------------------------------------------------

Conformational conversion of pCRP to mCRP was shown critical to the function of CRP *in vivo*\[[@pone.0198375.ref006], [@pone.0198375.ref009], [@pone.0198375.ref010]\]. The membrane-induced dissociation of pCRP is suggestive and highlights the interplay between CRP functions and conformation\[[@pone.0198375.ref008]\]. However, the preparation of the membrane-induced conversion intermediate is complex and time-consuming. In order to make the evaluation easier, we tried here to simplify the process generating CRP intermediate. Specifically, two types of microtiter wells with hydrophilic and hydrophobic surfaces were used in the present study to mimic multivalent ligands and damaged cell membranes, respectively. We immobilized pCRP onto the surfaces and detect whether similar results of conformation conversion could be obtained as membrane-inducing. For this purpose, we first characterized the exact conformation of pCRP upon surface immobilization by using highly selective mAbs, i.e., 3H12, 8C10, 8D8, 1D6\[[@pone.0198375.ref008], [@pone.0198375.ref017]--[@pone.0198375.ref020]\]. Briefly, 8D8 and 1D6 detect the spatial conformation of native CRP, while 3H12 and 8C10 recognize linear epitopes exposed only in mCRP. Specifically, 8D8 and 1D6 recognize the native subunit conformations that are related to C1q- and calcium-binding\[[@pone.0198375.ref017]\], respectively. The C1q-recognizing face and calcium-binding face are on the opposite sides of CRP structure. By contrast, the linear epitope recognized by 3H12 (a.a.199-206) largely lies on the subunit contact interface of pCRP, only when the pentamer disassembly happens will its antigenicity express ([Fig 1A and 1B](#pone.0198375.g001){ref-type="fig"}); while the linear epitope of 8C10 (a.a.22-45) is mostly packed inside the subunit, which will be exposed when the native structure of dissociated subunit is further changed ([Fig 1A](#pone.0198375.g001){ref-type="fig"}). Hence, 3H12 antigenicity is a sensitive index for pCRP disassembly while 8C10 antigenicity expression reflects further and extensive remodeling of dissociated subunit structure.

![Surface-immobilization of pCRP induced the formation of an intermediate with dual antigenicity.\
(A) a.a.22-45 (recognized by 8C10; orange) is mostly packed inside the subunit in pCRP (PDB ID: 1B09), while a.a.199-206 (recognized by 3H12; green) lies at the subunit interface of the pentamer. (B) The subunit structures extracted from the crystal structure of pCRP (medium blue; PDB ID: 1B09) or de novo modeled by I-TASSER (orange red; C-Score = -0.78) were superposed. For I-TASSER modeling, templates with a homology over 25% were excluded. a.a.199-206 segment lies on the subunit interface of pCRP and packs closely against the subunit body. By contrast, this segment extrudes from the subunit body in the modeled structure, which is why 3H12 can report the pentamer disassembly. (C-F) Indicated concentrations of pCRP in TBS-Ca or TBS-EDTA (pH 7.4) were added into Nunc MaxiSorp microtiter wells and incubated overnight at 4°C or for 1 h at 37°C. The antigenicity expression of the immobilized protein was assayed with mAbs 3H12 (C), 8C10 (D), 8D8 (E) or 1D6 (F). Immobilized pCRP showed dual antigenicity of both pCRP (8D8 and 1D6) and mCRP (3H12 and 8C10). (G) 5 μg/ml pCRP or mCRP was immobilized in bicarbonate coating buffer (pH 9.6), TBS-Ca or TBS-EDTA (pH 7.4) at 4°C overnight. Alternatively, 2 μg/ml pCRP was captured by immobilized polyclonal sheep anti-human CRP antibody for 1 h at 37°C in TBS-Ca (pH 7.4). The antigenicity of the immobilized or bound antigens were determined by 8D8, 1D6 or 3H12. When mCRP was immobilized, only mCRP antigenicity (3H12) could be detected. By contrast, pCRP bound to immobilized pAb showed only pCRP antigenicity (8D8 and 1D6). However, directly immobilized pCRP showed significant 3H12 antigenicity (\*\*\**p* \< 0.001). (H) Binding of unlabeled (the left panel) or biotin-labeled pCRP (the right panel) to mCRP (5 μg/ml) immobilized in TBS-Ca (pH 7.4) overnight at 4°C. The binding status was detected by mAbs and HRP-avidin, respectively. There was no binding of pCRP to the immobilized mCRP, excluding the possibility that the dual antigenicity was contributed by mCRP and survived pCRP. Data were obtained from at least three independent experiments and represented as mean ± SEM. For C-F, values underwent a nonlinear curve fit with OriginPro 8 software, during which the category was set as "Growth/Sigmoidal" and the function was set as "Hill1".](pone.0198375.g001){#pone.0198375.g001}

As shown in [Fig 1C and 1D](#pone.0198375.g001){ref-type="fig"}, immobilization of pCRP onto hydrophilic surfaces (Nunc Maxisorp or Costar High Binding) in TBS-EDTA (pH 7.4) at 37°C resulted in a prominent expression of 3H12 and 8C10 antigenicity, indicating that pCRP was disassembled and converted to exposing mCRP epitopes. However, the conversion appeared to be partial as there was still significant binding of 8D8 and 1D6 left ([Fig 1E and 1F](#pone.0198375.g001){ref-type="fig"}). What interested us here was that immobilization of pCRP in calcium presence still generated dual antigenicity of both pCRP and mCRP. The calcium inclusion markedly increased the signal of 8D8 and 1D6 as expected; however, it was surprising that even calcium presence failed to prevent 3H12 and 8C10 antigenicity expression here (especially the former; [Fig 1C--1F](#pone.0198375.g001){ref-type="fig"}), indicating potential occurrence of pentamer disassembly. As controls, pCRP captured by the immobilized polyclonal anti-CRP exhibited only 8D8 and 1D6 antigenicity; while immobilized mCRP only expressed 3H12 and 8C10 antigenicity ([Fig 1G](#pone.0198375.g001){ref-type="fig"}). Comparable results were obtained using hydrophobic microtiter wells from two providers (Nunc PolySorp and JET High Binding) except for the more pronounced expression of mCRP antigenicity ([S1 Fig](#pone.0198375.s001){ref-type="supplementary-material"}).

There are two possibilities allowing dual antigenicity to arise, i.e., dual antigenicity here represents the mixture of intact pCRP and converted mCRP, or it represents CRP conformational intermediate with characters of both pCRP and mCRP.

To distinguish between these two possibilities, we next asked firstly whether the dual antigenicity represented mixture of intact pCRP and converted mCRP. Considering the surface property of the microtiter wells and the long incubation time (up to 18 h), it is unlikely that part of the immobilized pCRP were converted to mCRP while others were resistant to the conversion. Alternatively, the immobilized protein may completely dissociate into mCRP, and the pCRP antigenicity was contributed by the post-binding of the residue pCRP in the solution-phase as mCRP has been suggested to form aggregates \[[@pone.0198375.ref021]--[@pone.0198375.ref023]\]. In order to verify this, we checked the binding of unlabeled and biotin-labeled pCRP to the surface-immobilized mCRP in TBS-Ca. However, no binding could be observed ([Fig 1H](#pone.0198375.g001){ref-type="fig"}). Results above thus implicated that the current dual antigenicity did not result from the mixture of completely dissociated mCRP and surviving pCRP. Instead, it indeed represented conformational intermediate with characters of both pCRP and mCRP.

Therefore, we note with pleasure that surface immobilization of pCRP has the similar effect as membrane-inducing to generate a CRP intermediate, which is probably dissociated subunit remaining its near-native conformation. Here we term this intermediate CRP~i~.

To further dissect the progress of the hybrid formation, additional experiments were carried out. Firstly, we asked how rapid this conformational conversion happened. The time course of the immobilization-induced conformational rearrangements was thus examined by using the conformation specific mAbs (8D8, 1D6, 3H12 and 8C10) above. With these mAbs, we found that the 3H12 antigenicity almost approached its maximal expression immediately after protein immobilization for 3 minutes, indicating an instant and complete disruption of the pentameric assembly of pCRP ([Fig 2A](#pone.0198375.g002){ref-type="fig"}). Conversely, the 8C10 antigenicity kept minimal expression throughout the phases, suggesting negligible further changes in the native structure of the dissociated subunits ([Fig 2B](#pone.0198375.g002){ref-type="fig"}). By contrast, nearly half of the 8D8 antigenicity expression which reporting the native CRP conformation was lost within 2 hours after immobilization ([Fig 2C](#pone.0198375.g002){ref-type="fig"}), also indicating the immobilization-induced disassembly of pCRP. However, there was little if any concomitant alteration in the 1D6 signal ([Fig 2D](#pone.0198375.g002){ref-type="fig"}). Here it is interesting to see the different results of 8D8 and 1D6. The two mAbs both report the native structure of CRP. However, the rationales are different. 8D8 recognizes the native subunit conformations of CRP that are related to C1q-binding. The C1q-binding site is supposed to be formed by two neighboring subunits in pCRP\[[@pone.0198375.ref024]\], thus 8D8 probably indirectly detects the intactness of the pentameric assembly by measuring the distance between subunits. By contrast, 1D6 recognizes native CRP in a calcium-dependent manner\[[@pone.0198375.ref017]\]. The calcium-binding site of CRP locates in the opposed face of C1q binding and mainly involves a series of spatially adjacent residues\[[@pone.0198375.ref012], [@pone.0198375.ref025]\], and only when the subunit conformation remains native will these residues be correctly positioned. Thus, the unchanged 1D6 signal here probably reflected that the dissociated subunit remained its native conformation. Remarkably, the relatively slower change in 8D8 antigenicity comparing with that of 3H12 likely represents the lag between the assembly interfaces disruption of pentamer and the epitope remodeling of dissociated subunits. As the control, no change in the antigenicity expression of immobilized mCRP could be observed with time ([Fig 2](#pone.0198375.g002){ref-type="fig"}). These results together further demonstrate that the hybrid conformation formed upon surface-immobilization of pCRP indeed represents dissociated subunit with near native structure, and the generation of CRP~i~ by immobilization-inducing is rapid (less than 3 minutes).

![The formation of surface-induced intermediate precedes the loss of native subunit conformation.\
pCRP or mCRP was immobilized onto hydrophilic microtiter wells (Nunc MaxiSorp) for 3 min in TBS-Ca (pH 7.4) at 37°C. After brief washes, the immobilized proteins were further incubated for 0--2 h followed by antigenicity detection with 3H12 (A), 8C10 (B), 8D8 (C) or 1D6 (D). To increase the time resolution, the 1-h BSA blocking step before mAb addition was omitted in this series of experiment with only marginal increase in the background signal. Surface-immobilization prominently dissociated pCRP, as was reported by the increased 3H12 expression. However, the dissociated subunit still retained near-native conformation. (indicated by minimal 8C10 expression and unchanged 1D6 expression). As the control, the antigenicity expression of immobilized mCRP did not show time-dependent changes. (E) pCRP was immobilized onto hydrophilic microtiter wells (Costar High Binding) for 3 min in TBS-Ca (pH 5.0) at 37°C followed by 0--2 h incubation and detection of antigenicity expression. Lowering pH had little effect on the process of pentamer disassembly (changes of 3H12 and 8D8 showed the same tendency as above) but resulted in continuous structure remodeling ~~of the structure~~ of the dissociated subunit (8C10 rise and 1D6 decrease). Data were obtained from at least three independent experiments and represented as mean ± SEM. \**p* \< 0.05, \*\**p* \< 0.01 against the corresponding OD values at the beginning time point (0 minutes of incubation).](pone.0198375.g002){#pone.0198375.g002}

Comparing with the immediate rise of 3H12 antigenicity expression and the relatively slower loss of 8D8 signal, the strong 1D6 and minimal 8C10 antigenicity expression of hybrid remained unchanged over time ([Fig 2B and 2D](#pone.0198375.g002){ref-type="fig"}). These results lead to the speculation that even if in the presence of calcium, multi-point attachment of pCRP can efficiently dissociate pCRP, but it is insufficient on its own to further unfold the dissociated, near-native subunit into the mCRP conformation. Thus, a relatively stable intermediate of CRP was generated here. Furthermore, considering the extracellular acidification frequently occurs in inflammatory loci where CRP ligands are enriched\[[@pone.0198375.ref026]--[@pone.0198375.ref029]\], we examined the modulation of low pH on the formation and stability of the hybrid. We found that pH 5.0 had little effects on the pentamer disassembly process, as the time-dependent changes in 3H12 and 8D8 antigenicity expression were comparable to that obtained under neutral pH ([Fig 2A and 2C](#pone.0198375.g002){ref-type="fig"}). While it should be noted that, a gradual remodeling of the dissociated subunit structure was evidenced by the time-dependent rise and decline in antigenicity expression of 8C10 and 1D6, respectively ([Fig 2E](#pone.0198375.g002){ref-type="fig"}). Likewise, the combination of multi-point attachment and hydrophobicity by immobilization of pCRP onto hydrophobic surfaces, mirroring the interaction of pCRP with damaged membranes, resulted in even more rapid and pronounced rearrangements of the subunit structure ([S2 Fig](#pone.0198375.s002){ref-type="supplementary-material"}). The above results thus reveal that upon surface-binding, the pentamer dissociation and the native conformation loss of dissociated subunit can be separate events that occur in a stepwise manner, depicting a set of processes in the conformational conversion of CRP. Specifically, the conversion follows an order of "pCRP→CRP~i~→mCRP\".

Surface-induced CRP intermediate exhibited modified biological functions {#sec010}
------------------------------------------------------------------------

Then we asked whether this surface-induced CRP~i~ involved corresponding functional alterations. We first showed that compared with the immobilized mCRP ([Fig 1H](#pone.0198375.g001){ref-type="fig"}), pCRP immobilized onto hydrophobic surfaces possessed a high affinity (with a K~d~ value of about 1.5 nM) with the biotin-labeled pCRP in solution phase ([Fig 3A](#pone.0198375.g003){ref-type="fig"}, the left panel), and the binding was eliminated in TBS-EDTA ([Fig 3A](#pone.0198375.g003){ref-type="fig"}, the right panel), indicating in a calcium-dependent manner. Moreover, when the hybrid on the surfaces was pre-incubated with PC or unlabeled pCRP, the post-binding of biotin-labeled pCRP was abrogated ([Fig 3B](#pone.0198375.g003){ref-type="fig"}). In addition, despite that PC or EDTA treatments eliminated the post-binding of the solution-phase pCRP, the immobilized antigen still showed significant dual antigenicity as detected by 8D8, 1D6 and 3H12 mAbs ([Fig 3C](#pone.0198375.g003){ref-type="fig"}). Therefore, these results demonstrate a calcium-dependent binding of solution-phase pCRP to the surface-induced intermediate with a high affinity. It should be noted herein that the previously determined K~d~ for the homo-complex formation of pCRP is about 20μM\[[@pone.0198375.ref030]\], which is far below the present affinity. Indeed, the homogeneity of pCRP in solution phase under mild condition was further established by size-exclusion chromatography (SEC)\[[@pone.0198375.ref031]\] ([Fig 3D](#pone.0198375.g003){ref-type="fig"}) and electron microscope (EM)\[[@pone.0198375.ref032]--[@pone.0198375.ref034]\] ([Fig 3E](#pone.0198375.g003){ref-type="fig"}). SEC analysis of pCRP showed a single peak, and no apparent self-association of CRP like decamer was observed by EM. Considering the potential effects of CRP self-association on its functions *in vivo*\[[@pone.0198375.ref030], [@pone.0198375.ref035]\], we thus speculate here that the intermediate, which indicating conformational conversion of CRP, possesses altered biological activities and may play essential roles in the inflammation regulation of CRP.

![The intermediate formed on hydrophobic surfaces binds the solution-phase pCRP in a calcium-dependent manner with high affinity.\
(A) Binding of biotin-labeled pCRP to pCRP (5 μg/ml) immobilized in TBS-Ca (pH 7.4) overnight at 4°C. Biotin-labeled pCRP bound immobilized pCRP in a calcium-dependent fashion. \*\**p* \< 0.01. This interaction affinity was much higher than the previously determined K~d~ for the homo-complex formation of pCRP (\~1.5 nM vs. \~20 μM). (B) 5 μg/ml pCRP was immobilized in TBS-Ca (pH 7.4) overnight at 4°C. After incubation with PC (the left panel) or unlabeled pCRP (the right panel) at the indicated concentrations for 30 min, 0.2 μg/ml biotin-labeled pCRP was added for binding detection by HRP-avidin. The binding of biotin-labeled pCRP could be abrogated by PC and unlabeled pCRP. The results of one representative experiment were shown. (C) 5 μg/ml pCRP was immobilized in TBS-Ca (pH 7.4) overnight at 4°C followed by incubation with TBS-EDTA, 1% BSA or 2 mM PC in TBS-Ca (pH 7.4), 1% BSA for 1 h. The PC or EDTA treatments both significantly eliminated the post-binding of the solution-phase pCRP (\*\**p* \< 0.01, \*\*\**p* \< 0.001 against control). However, the immobilized antigen still showed significant dual antigenicity as detected by 8D8, 1D6 and 3H12 mAbs. (D) Homogeneity analyzed by size-exclusion chromatography of pCRP and mCRP in solution phase. 120 μl of pCRP or mCRP at concentration of 0.1 mg/ml were injected and eluted from a Superdex 75 column attached to an AKTA purifier at a flow rate of 0.75 ml/min, respectively, and absorption values at 280nm were recorded. pCRP showed no heterogeneity while mCRP exhibited a certain amount of aggregations (E) Visualization of pCRP in TBS by electron-microscopy(EM). Scale bar = 50 nm. No apparent self-association of CRP like decamer was observed. Data were obtained from at least three independent experiments and represented as mean ± SEM unless otherwise stated. For A and B, values underwent a nonlinear curve fit with OriginPro 8 software, during which the category was set as "Growth/Sigmoidal" and the function was set as "Hill1".](pone.0198375.g003){#pone.0198375.g003}

Furthermore, we compared C1q binding capacity and complement activation of PC-BSA captured pCRP, immobilized pCRP and mCRP\[[@pone.0198375.ref008], [@pone.0198375.ref024]\] ([Fig 4](#pone.0198375.g004){ref-type="fig"}). Upon pCRP was binding to immobilized PC-BSA\[[@pone.0198375.ref008]\] or directly immobilized onto hydrophilic surfaces with calcium (Figs [1](#pone.0198375.g001){ref-type="fig"} and [2](#pone.0198375.g002){ref-type="fig"}), the native subunit structure was barely altered; however, the intact pentameric assembly was kept only in the former case. As such, directly immobilized pCRP exhibited three to five-fold stronger capacity than captured pCRP to bind C1q ([Fig 4A](#pone.0198375.g004){ref-type="fig"}, the left panel). Considering the difference between the disassembly of surface-induced pCRP and intact assembly of PC-BSA-captured pCRP, we thus suspect that dissociation of the pentamer significantly enhanced the binding capacity of C1q to pCRP probably by overcoming the size limitation that allows only one of the five binding sites in pCRP to be bound by C1q\[[@pone.0198375.ref008]\]. Moreover, Immobilization of pCRP in TBS-EDTA resulted in about 1.7-fold increases in C1q binding capacity compared with immobilization when calcium was present ([Fig 4A](#pone.0198375.g004){ref-type="fig"}, the right panel), which was associated with the further structure remodeling of dissociated subunits as indicated by the upregulated 8C10 antigenicity expression ([Fig 1D](#pone.0198375.g001){ref-type="fig"}). As was expected, immobilized mCRP which may possess minimal size limitation, exhibited highest affinity with C1q ([Fig 4A](#pone.0198375.g004){ref-type="fig"}, the right panel). In addition, the activation of complement was further evaluated by C3d deposition\[[@pone.0198375.ref008]\]. We use Ca+Mg, EDTA+Mg and EDTA to control conditions involving classical/alternative, alternative and no-specific complement pathway activation, respectively\[[@pone.0198375.ref008]\]. The PC-BSA captured and directly immobilized proteins all activated solely the classical activation pathway, and the capacities were in an ascending order of PC-BSA-captured pCRP, immobilized pCRP in TBS-Ca, immobilized pCRP in TBS-EDTA, immobilized mCRP ([Fig 4B](#pone.0198375.g004){ref-type="fig"}), which agrees with the order of C1q-binding. It should be noted that mCRP showed most efficient C1q-binding and C3d deposition capacity, due to its completely lost of native subunit conformation (Figs [1](#pone.0198375.g001){ref-type="fig"} and [2](#pone.0198375.g002){ref-type="fig"}). These results indicate that the surface-induced intermediate of CRP indeed exhibits modified biological functions and the bioactivities of CRP are fine-tuned by the subunit conformation.

![The surface-induced intermediate exhibited enhanced complement interaction capacity.\
5 μg/ml pCRP or mCRP was immobilized in TBS-Ca or TBS-EDTA (pH 7.4) at 4°C overnight. Alternatively, 50 μg/ml pCRP was bound to immobilized PC-BSA overnight at 4°C in TBS-Ca (pH 7.4). The amount of pCRP bound to PC-BSA or immobilized onto surfaces was evaluated by a poly-clonal anti-CRP antibody and corrected when required. (A) C1q at the indicated concentrations was added to immobilized or bound proteins for 1 h followed by detection with C1q antibody. Directly immobilized pCRP exhibited three to five-fold stronger capacity than captured pCRP to bind C1q (\*\*\**p* \< 0.001), and immobilized mCRP exhibited the highest C1q binding affinity of all (\*\**p* \< 0.01: immobilized pCRP *vs* immobilized mCRP). (B) Wells were incubated with 5% normal human serum (NHS) diluted with VBS, 1% gelatin containing 0.15 mM Ca+0.5 mM Mg, 5 mM EGTA+0.5 mM Mg, or 5 mM EDTA, for 1 h at room temperature. The serums have been adsorbed with PC-BSA to eliminate trace level of CRP and anti-PC antibodies. The activation of complement was evaluated by C3d deposition. The bound and immobilized proteins all interacted with C1q and activated solely the classical complement pathway with the capacities in an increasing order of pCRP bound to immobilized PC-BSA, pCRP immobilized in TBS-Ca, pCRP immobilized in TBS-EDTA, immobilized mCRP. \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001. All data were obtained from at least three independent experiments and represented as mean ± SEM. For A right, values underwent a nonlinear curve fit with OriginPro 8 software, during which the category was set as "Growth/Sigmoidal" and the function was set as "Hill1".](pone.0198375.g004){#pone.0198375.g004}

Discussion {#sec011}
==========

Conversion of pCRP to mCRP is essential to the biological functions of CRP\[[@pone.0198375.ref008], [@pone.0198375.ref015], [@pone.0198375.ref016]\]. In contrast to the activated platelets or membrane-induced conformation conversion of CRP\[[@pone.0198375.ref008], [@pone.0198375.ref015]\], the present study actually has proposed another circumstance for pCRP dissociation occurring, which agrees well with the previous study and propose a simpler way to generate the CRP intermediate.

pCRP captured by the immobilized PC-BSA was shown to express single antigenicity here. Considering the different features of immobilized PC-BSA, cell membrane, liposomes and surfaces, we speculate that multipoint attachment may play a critical role in facilitating the conformational change of pCRP. But it should be noted that although multipoint attachment can dissociate pCRP efficiently in the presence of calcium, it was insufficient on its own to unfold the dissociated, native subunit to mCRP conformation further. Moreover, we showed that lower pH may facilitate the post-stage of the "pCRP→mCRP\" conversion, indicating a critical role of extracellular acidification in inflammatory loci in pCRP dissociation and mCRP generation *in vivo*.

The surface-induced intermediate here exhibited highly enhanced affinity to the solution-phase pCRP. Considering that the self-association of pCRP was shown to affect its functions\[[@pone.0198375.ref030], [@pone.0198375.ref035]\]. We thus speculate that the membrane-bound CRP possesses modified potentials to interact with the free pCRP in inflammatory sites and performs corresponding bioactivities, where further studies are needed.

pCRP with no ligand binding shows only very weak interaction with C1q because of the size limitation of binding \[[@pone.0198375.ref008], [@pone.0198375.ref024]\]. By contrast, mCRP has been shown to regulate complement activation in a more effective way\[[@pone.0198375.ref007], [@pone.0198375.ref008], [@pone.0198375.ref010]\]. Indeed, the order of complement interaction capacity here was shown to be immobilized mCRP \> immobilized pCRP \> pCRP captured by immobilized PC-BSA. The enhanced C1q activation of immobilized pCRP comparing to the captured pCRP further suggests that the intermediate formed on the surfaces probably represents an intermediate during the transition of pCRP to mCRP, highlighting the correlation between the biological function and conformation of CRP.

In the present work, the immobilization-induced CRP~i~ remained binding on the surface for long incubation times. Usually, we believe that the binding of CRP~i~ to surface is relatively stable, and they may have function directly. However, we still cannot exclude the possibility small portions of CRP~i~ detaching from the surface occasionally. Recently, Lin Zhang *et*.*al* has revealed the existence of free mCRP in plasma\[[@pone.0198375.ref036]\], suggesting the detachment of membrane-dissociated CRP~i~ from the inflammatory loci.

Overall, we showed a surface-induced conformational conversion of CRP and identified a CRP intermediate with hybrid conformations and modified bioactivities. This simpler way to prepare CRP intermediate reveals the conversion details of pCRP to mCRP and highlights the relationship between biological function and conformation conversion of CRP.

Supporting information {#sec012}
======================

###### Immobilized pCRP exhibited dual antigenicity on hydrophobic surfaces.

Indicated concentrations of pCRP were immobilized onto JET High Binding microtiter wells in TBS-Ca or TBS-EDTA (pH 7.4) overnight at 4°C or for 2 h at 37°C. The antigenicity expression of the immobilized protein was assayed with mAbs 3H12 (A), 8C10 (B), 8D8 (C) or 1D6 (D). 8D8 and 1D6 detect conformational epitopes unique to pCRP, whereas 3H12 and 8C10 recognize linear sequence epitopes exposed only in mCRP. Immobilized pCRP showed antigenicity of both pCRP and mCRP. (E) 5 μg/ml pCRP or mCRP was immobilized in bicarbonate coating buffer (pH 9.6), TBS-Ca or TBS-EDTA (pH 7.4) at 4°C overnight. Alternatively, 2 μg/ml pCRP was captured by immobilized polyclonal sheep anti-human CRP antibody for 1 h at 37°C in TBS-Ca. The antigenicity of the immobilized or bound antigens were determined by 8D8, 1D6 or 3H12. When pCRP was immobilized in coating buffer, or when mCRP was immobilized in TBS-Ca or TBS-EDTA, only mCRP antigenicity could be detected. By contrast, pCRP bound to immobilized pAb showed only pCRP antigenicity. Data were obtained from at least three independent experiments and represented as mean ± SEM. For A-D, values underwent a nonlinear curve fit with OriginPro 8 software, during which the category was set as "Growth/Sigmoidal" and the function was set as "Hill1".

(TIF)

###### 

Click here for additional data file.

###### Pentamer disassembly precedes the loss of native subunit conformation upon immobilization onto hydrophobic surfaces.

pCRP was immobilized onto hydrophobic microtiter wells (JET High Binding) for 5 min in TBS-Ca (pH 7.4) with or without 2 mM PC at room temperature. After brief washes, the immobilized pCRP was further incubated in TBS-Ca for the indicated times (0--60 min) followed by antigenicity detection with 8D8 (A), 1D6 (B), 3H12 (C) or 8C10 (D) (n = 4--6). To increase the time resolution, the 1-h BSA blocking step before mAb addition was omitted with only marginal increase in the background signal. The inclusion of PC was to minimize the possible interference from the solution-phase binding of pCRP (please see [Fig 3](#pone.0198375.g003){ref-type="fig"}). As on hydrophilic surfaces, binding to hydrophobic surfaces also resulted in an instant disruption of the pentameric assembly as indicated by the near maximal expression of 3H12 antigenicity and a quick drop of 8D8 signal. By contrast, the rearrangements in subunit conformation was more rapid and pronounced. Indeed, a significant higher 8C10 antigenicity expression could be detected immediately after immobilization followed by a quicker decline in the expression of 1D6 antigenicity. These suggest that the pentamer dissociation precedes changes in the subunit structure. For pCRP immobilized without PC, an additional 5-min wash with TBS-Ca, 2 mM PC was included before time-specific incubation, hence introducing a 5-min delay compared with pCRP immobilized with PC. This delay eliminated the early changes in the time-dependent curves without the delay, confirming the time resolution of our assay. Data were obtained from at least three independent experiments and represented as mean ± SEM.

(TIF)

###### 

Click here for additional data file.
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